We have employed the Cologne terahertz spectrometer [ 1, 2] to observe Lamb dip and crossover phenomena in rotational spectra at 572 GHz. Because of the large power output of the backward wave oscillators used in the system, no special means are required to induce this saturation effect; the coincidentally reflected radiation from the bolometer present in our quasi-optical absorption cell is sufficient to saturate the v, = 0 sub-group. This effect has allowed the observation of the three previously unresolved hyperfine components of the l4NH3 A -S, JK = 10 -00 transition, and was also observed for the analogous NH3 transition in natural abundance (i. e. 0.366 %). These measurements indicate a possible improvement of molecular transition frequencies in the submillimeter region.
The inversion, rotation, and vibration of ammonia has been extensively studied by spectroscopists. Erlandsson and Gordy [3] , and Helminger and Gordy [4] , reported the first measurements of the rotational spectra for the deuterated and non-deuterated species, respectively. More recently, Magerl et al. [5] mea sured the u2 band quite fully through the microwave modulation of C 0 2 laser sidebands. They induced sub-Doppler saturation (Lamb) dips in many of the u2 transitions and provided a thorough theoretical expla nation of the related hyperfine interaction phenomena, including the related crossover dips which are present in such spectra.
Lamb [6] and Costain [7] described the condi tions required for the observation of sub-Doppler absorption features in laser and microwave spec troscopy, respectively. Notably, the radiation must be highly coherent and of sufficient intensity to satu rate the absorption; it must also pass through the absorption sample in two beams traveling in oppo site directions. Rotational sub-Doppler spectroscopy has therefore historically been performed with reso nant cavities which provide the necessary high electric field strengths and fulfill the directional requirements. Work done in this laboratory by Bester et al. [8] and Mittler et al. [9] , as well as independent millimeterwave work by Cazzoli and Dore [10] , has shown that * Permanent address: Department of Physics, North Carolina State University, Raleigh, NC 27659, USA Reprint requests to Prof. Dr. G. Winnewisser.
the free-space cells are also suitable for Lamb dip measurements.
We have met the Lamb dip requirements in our submillimeterwave laboratory using the backward wave oscillator (BWO)-based spectrometer system described in previous publications [1, 2] , The high power provided by the BWOs employed is suffi cient at 570 GHz to saturate rotational transitions of ammonia without the use of resonant cavities. The backward-traveling radiation is caused by reflections from various optical surfaces of the spectrometer, and it seems clear that the majority of the reflected power comes from the detector. This phenomenon is usu ally a nuisance in the performance of submillime ter wave spectroscopy, but in this case provides suf ficient backward-traveling radiation in the standard free-space absorption cell to induce the desired subDoppler saturation effects. To observe saturation dips, it is also necessary to operate at fairly low sample pressures, to reduce amplitude of the source modula tion, and to ensure, through careful adjustment of the system's lenses, that the forward-traveling wavefronts are highly planar.
The spectrometer system is based on a BWO source (ISTOK Research and Production Co., Fryazino, Rus sia) operating in the 500 to 700 GHz range with a nominal power output of 5 mW. The BWO is phase-stabilized to a harmonic multiple of a 78-118 GHz synthesizer (Institute of Electronic Measure ment, KVARZ, Nizhnii Novgorod, Russia), generated in a planar Schottky diode harmonic mixer employ ing semi-parabolic optics. The development of these 0932-0784 / 95 / 1200-1 f 9 9 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-7202 7 Tübingen components and the phase stabilization electronics is discussed in the recent literature [1, 11, 12, 13] . The resulting radiation is focused through a 3.5 meter ab sorption cell constructed of Pyrex and wedged Teflon windows, and then detected with a liquid heliumcooled InSb hot-electron bolometer (QMC Inst. Ltd., U. K.). The BWO frequency is modulated and de tected digitally at 2f, resulting in second-derivative line shapes. We recorded several spectra of pure am monia gas at pressures between 2 and 8 mTorr exam ples of which we present below.
For a three-level system (E\ < E~, ~ £ 3) separated by angular frequencies u;12, u;23, and u;]3, and if the Doppler effect causes the 2 1 and 3 1 transition profiles to overlap, the spectrum can contain Lamb dips at the frequencies ujp and u;)3, and a crossover dip at the frequency (uju + In this case, the power spectrum !(.<;) contains terms of three types [5] :
Here, the dipole moment matrix element between the state pair (//') is a Maxwellian velocity distribution in v is assumed, v0 = (2kT/m)^2, and the line width collisional relaxation is 7. The first two types of terms represent the Lamb dips, and the third type generates a crossover dip, where v oc (a; -^12) or (u; -0J13), respectively. We note that a crossover dip can occur only when the transition pair has a quantum level in common and when the level splitting is comparable with the Doppler width, which in the case of NH3 (JK = 1() 00) is 1.7 MHz. For instance, they are not present in the sub-Doppler spectra of H7St recorded previously in this laboratory [9] , since in the case of H-.S-, the transition pairs arise from two distinct pairs of energy levels. The observed 14NH3 7 = 1^-0 transition is il lustrated in Figure 2 . Five absorption features are evi dent; the allowed transitions are marked by their the F' -F" values. The two observed crossover features are labeled as Cp> pn -C^ f" ■ The absence of the possible C01-C |, feature is supported by the apparent Doppler width of the transitions, which is clearly smaller than that of the F' <-F" = 1 <-1 plus F' <-F" = 2 <-1 composite feature. Table I lists the measured fre quencies of the observed Lamb dips, as determined by a parabolic least-squares fit to each of the extrema. These frequencies were derived from several spectra recorded at lower pressures and with higher spectral resolutions than the spectrum shown in Fig. 1 , which is intended to illustrate the overall transition charac teristics. The quoted frequencies have not been corrected for the substantial pressure shift of ammonia which was determined in [14] for this transition to be 6.10(7) MHz/Torr for l4NH3 and 5.71(10) MHz/Torr for l5NH3. Estimating an upper limit for the pressure of 10 mTorr in our measurements, the line positions are shifted by about 60 kHz to higher frequencies. The experimentally determined uncertainties (1<t) quoted in Table I do not contain this systematic error.
The hyperfine interaction constant eQq for the J K = 10 level of l4NH3 has been previously mea sured through molecular beam electric resonance spectroscopy to very high accuracy, and is equal -4.08983(2) MHz (see [15] and [16] ). We have de termined the value from our data to be -4.098(48) MHz, which is in agreement with the accepted value to within our larger uncertainty. It was assumed that the pressure shift is equal for all hyperfine components. The l5NH3 sub-Doppler feature (whose frequency is also listed in Table I ), observed in natural abun dance (i. e. 0.366 %) under similar experimental con ditions, consists of a single line (see Figure 2 ). This derives from the fact that the I = 1/2 spin of the 15N nucleus leads in our experiments to no observable hyperfine structure. However, it is clear that the sat uration phenomenon made available by the BWO, in conjunction with careful pressure measurements, could lead to a substantial reduction in the estimated uncertainty of this transition frequency over previous measurements [14, 17] , Such measurements were not made in the current qualitative study, so the comments made above concerning the quoted uncertainties in the l4NH3 frequencies applies to the l5NH3 frequency, as well.
In conclusion, the high coherent power levels of phase-locked BWOs make possible observation of the saturation effects in non-resonant absorption cells at submillimeter wavelengths. This advantage over stan dard submillimeterwave spectroscopic sources has allowed us to resolve the nuclear hyperfine interac tions in the J = 0 to 1 transitions of l4NH3 in a standard absorption cell, and to measure the analo gous Lamb-dip frequency of l5NH3. We have also observed similar saturation effects both in the HCl spectrum (near 625 GHz) and in higher transitions of ammonia (above 1 THz); these measurements will be discussed in later publications. For strong, wellisolated lines, the current Doppler-limited frequency accuracy of the Cologne terahertz spectrometer is approximately 5 kHz, as has been shown in the case of CO measurements [18] , The signal to noise ratios now obtainable for sub-Doppler features provide only marginal improvement in this figure, but this limita tion is at least partly due to spurious signals from the KVARZ synthesizer. The removal of these and other noise sources is currently being pursued in the lab oratory. Subsequent measurements could then lead to further improvements in effective molecular de terminations, particularly those related to hyperfine interactions, for many important molecular species.
Ammonia is an important interstellar molecule. Its inversion transitions are extensively used for tempera ture and density determinations of molecular clouds. In cold dark clouds, with kinetic temperatures near 10 K, e. g. TMC1 (NH3 peak) , the J = 1 <-0 rota tion inversion transition should be observable with its hyperfine structure resolved, provided the interstellar line width is thermal. At about 10 K we expect a line width of about 300 kHz.
